TX 75083-3836, U.S.A., fax 01-214-952-9435. This work provides a simple tool for examining such behavior. Treating pressure curves are analyzed to gain insight to the evolution of fracture extent and a plausible end-of-job proppant distribution.
In developing the tool, we intentionally imposed several design parameters: the method should require minimum user input beyond the real treatment data, it should be relatively independent of any fracture propagation model and it should not be a history matching procedure. In accordance with the basic requirement of model independence, the slopes analysis method is a screening tool based on simple equations and a well-defined (reconstructible) algorithm.
Based on its simplicity, the tool lends itself well to real time use as well.
The key element of frac & pack treatments is the tip screen-out, a period of injection during which the fracture is inflated and the fracture extent remains relatively constant. The fracture may often extend in subsequent periods of regular fixed-area width growth with possible "jumps" and/or other irregular areal extension periods between them. The slope of the increasing pressure curve during a "regular" period may be interpreted to obtain the "packing radius" of the fracture, characteristic for the given period. The progression of packing radiuses can be combined with information on the proppant injection history to give final proppant distribution.
Treating Pressure Slopes Analysis
During tip screen-out, the fracture width is inflated while the area of the fracture faces remains theoretically constant. This phenomenon should manifest itself by a marked increase in the treating pressure. In practice, the increasing pressure intervals ("regular intervals") may be interrupted by anomalous pressure decrease because fracture extension can still occur from time to time. Based on this rationale, the frac & pack treatment is considered as a series of regular arrested extension/width growth intervals interrupted by irregular fracture area extension intervals.
Introduction
Tip screen-out is considered to be the key element in most frac & pack operations.
1-2 During tip screen-out, the fracture width is inflated while fracture face area remains constant. Consequently, a relatively short but wide propped fracture is obtained, approximating the optimum of the fracture-reservoir system characterized by a dimensionless fracture conductivity of order one.
In this case, the treatment can be decomposed into sequential periods of constant fracture area separated by periods (possibly several) of fracture extension. The time periods are located by a simple processing of the treatment pressure curve.
If this vision of the treatment is accepted, then the slope of the increasing pressure curve during a width inflation period may be interpreted to obtain the "packing radius" of the
fracture at that point during the treatment, i.e. characteristic for the given period. Putting together a sequence of packing radii estimates we arrive at a scenario which -combined with additional information on the proppant injection historyyields the final proppant distribution.
In transforming the idea to a working algorithm, several assumptions must be made, both on fracture geometry and on the character of the leak-off process. We employ the following assumptions:
1. The created fracture is vertical with a radial geometry; 2. Fluid leakoff can be described by the Carter leakoff model in conjunction with the power-law type area growth used by Nolte; 6 3. Fracture packing radius may vary with time, being allowed to increase or decrease;
4. Hydraulic fracture radius (which defines leakoff area) cannot decrease and is the maximum of the packing radii which has occurred up to the given time;
5. During regular width-inflation periods, the pressure slope is defined by linear elastic rock behavior and fluid material balance with friction effects being negligible; and 6. Injected proppant is distributed evenly along the actual packing area during each incremental period of arrested extension/growth width. We assume that the fracture is radial with radius R. Then The suggested method consists of several steps. First, we select those portions of the bottomhole pressure curve which show positive slope. The slope is then interpreted assuming that the pressure increase is caused by width inflation. The interpretation results in a packing radius which corresponds to a given time point. A step-by-step processing of the entire curve gives a history of the packing radius-though we still lack information on those intervals when the slope is negative. The history is made complete by interpolating between the known values. As a first approximation, assume that the pressure in the inflating fracture does not depend location, i.e. it is homogeneous. The net pressure (i.e. excess pressure above the minimum principal stress) is directly proportional to the average width: 3 Based on this history of packing radius evolution, the final proppant distribution is easily determined by superimposing real-time proppant injection data. Final proppant distribution (which implies fracture length and width) is the practical result of the proposed slopes analysis. (3) where E' is the plane-strain modulus, related to the Young's modulus, E, and Poisson's ratio, ν , according to the equation
Restricted Growth Theory
Substituting Eqs. 2 and 3 into Eq. 1, we obtain the time derivative of net pressure, p, as Tip screen-out can be considered as inflating the fracture width while the area of the fracture face does not increase. If the average width is denoted by w and the fracture face area (one wing, one face) by A, then (1) where the subscript for net pressure is dropped because the derivative of bottomhole pressure and that of net pressure are equal. where i is the injection rate (per one wing) and q L is the fluidloss rate (from one wing).
Recording bottomhole pressure and injection rate provides the possibility of using Eq. 4 to determine R. For this purpose, we need an estimate of q L . The basic notation is shown in Fig. 1 .
Details of the Carter leakoff model are given in Ref. 3 . The fluid lost through area A during time t is given by (11) where C L is the leakoff coefficient and S p is the spurt loss coefficient. Eqs. 4 and 11 were developed explicitly in the text as they form the core basis for the slopes analysis method. Use of these relations is demonstrated in the following example.
Assuming that the fracture has extended up to the given time t according to the power-law assumption of Nolte 6 and is arrested at the given time instant t, the leakoff rate q L,t immediately after the fracture extension is arrested (at ∆t = 0) is given by 3 
Slopes Analysis Example
The restricted growth theory is combined with simple material balance computations to form the slopes analysis method as demonstrated below using a sample set of data provided by Shell E&P Technology Co.
( ) (7) and the two-variable "g-function" is given by the following mathematical construction: Using a simple algorithm (discussed in the Appendix) one can select points satisfying the criterion of restricted fracture growth. Straight lines are fitted to the individual series to arrive at the plot shown in Fig. 3 .
For a radial fracture created by injecting a Newtonian fluid, the exponent α is taken as α = 8/9 and the right hand side of Eq. 9 evaluates to The slope of the straight line gives an average pressure derivative corresponding to the given time interval of restricted growth.
Determining the Packing Radius Corresponding to a Width Inflation Period. Once the restricted growth intervals have been selected and the slopes have been determined, we apply Eq. 4. Using the estimate of the leakoff-rate, our basic equation takes the form
Rearranging Eq. 12, we obtain the following:
...(13)
Knowing the slope, m, and the injection rate, i, at a given time, t, Eq. 13 can be solved for R. Since the equation is cubic, an explicit (analytical) solution can be given. Fig. 4 shows the analysis of the example Shell data which suggests that after a certain period of pumping time (approx. 25 mins.), the packing radius began to decrease, i.e. fracture packing back toward the well. This is not surprising; it indicates that near the end of the treatment only the nearwellbore part of the fracture is "packed." This is consistent with the treatment objectives for this well (decreased injection rate and high proppant concentration at the end of the treatment.)
Interpolation between known values of the packing radius.
Since the pacing radius is obtained only in those selected intervals where width-inflation can be assumed, we need a simple tool to fill-in the "gaps." A simple logarithmic interpolation is used to estimate the packing radius in between the known values. In addition, one can estimate the "hydraulic" fracture radius at time t as the maximum of the packing radii up to that point. While proppant is placed within the actual packing radius, leakoff takes place along the area determined by the hydraulic fracture extent. Knowledge of the hydraulic fracture extent is useful for further material balance considerations.
Determining the Final Areal Proppant Concentration.
Final proppant concentration (proppant distribution) in the fracture can be derived in a relatively straight-forward fashion from the packing radius curve and knowledge of the bottomhole proppant concentration as a function of time. (The standard job record typically includes this information.)
Calculation of the final areal proppant concentration (APC) in the fracture follows the simple scheme: 1. For every time interval, ∆t, determine the mass of proppant entering the fracture. 2. Assume this mass to be uniformly distributed inside the packing radius corresponding to the given time step. 3. Obtain the mass of proppant in a "ring" between radius R 1 and R 2 by summing up (accumulating) the mass of proppant placed between corresponding times t 1 and t 2 . 
Treatment Scenario Reconstruction
An approximate scenario of the frac & pack job can be reconstructed using simple material balance considerations. The estimate of the hydraulic fracture extent can be taken as the radius of the leak off area. Knowing this area, one can calculate the volume leaked off according to Ref. 5 . The actual fracture volume at time t can be estimated as the injected volume minus the leakoff volume, if we assume that there is no spurt loss.
The fluid efficiency, defined as the ratio of the created fracture volume to the injected volume (calculated without spurt loss) is shown in Fig. 6 . The calculated efficiency decreases quickly in the first period where the fracture extension is fast, then increases in the intervals of restricted growth, with possible "fall-backs" in between.
Fluid efficiency, % The actual fluid efficiency might be less if there is a spurt loss. It is informative to present the results in the form of different hypothetical widths. (See Fig. 7 .) The hypothetical injection width is calculated without leakoff. The hydraulic width is the actual width during the treatment and is less than the injection width. Finally the propped width is the width after the fluid totally leaks off and closes on the proppant. All these curves are obtained point by point using the hydraulic fracture extent at time t. For the packed width we use the density and porosity data of the proppant. The point where the hydraulic width and propped width curves come closest together defines the maximum possible value of the spurt loss coefficient. The maximum spurt loss possible corresponds to 1/2 of the closest distance between the curves (i.e. in this case, 0.6 inch which corresponds to a spurt loss coefficient of 0.37 gal/ft 2 .) A possible scenario of the treatment can be derived from the figures. From Figs. 4, 6 and 7 , it is realistic to assume that at t = 10 mins. the fracture growth was arrested because of "tip screen-out." At this time, the fracture extent was already quite large, approximately 44 ft. The fast fracture growth might be a consequence of the sizable minifrac which was carried out just before the main treatment. Fig. 4 shows that the restricted fracture extension (packing) intervals started at t = 10, 12, 20, 23, 28, 33 and 44 mins. The packing intervals were separated by short intervals when the fracture was extending, possibly in smaller "jumps." Up to time t = 22 mins., the extension of the fracture lead to the simultaneous increase of the packed area. The proppant packing radius then decreased in the subsequent packing stages, in spite of the larger available hydraulic extent. This phenomenon is caused by the high slurry proppant concentration and the reduced injection rate.
Summary and Discussion
Eq. 7-59 in Reservoir Stimulation 4 gives the slope of the pressure curve during restricted extension as 14) where η is the fluid efficiency and i is the injection rate (for one wing). Since the actual fluid efficiency at time t is not known, Nolte and Smith 3 used unit efficiency to obtain an upper bound on the extent of the fracture.
Comparing Eq. 14 to our the basic equation (Eq. 4), it is seen that Eq. 7 estimates the leak-off rate as Eq. 14 relates the fluid leakoff rate to the instant value of the fluid injection rate and the fluid efficiency. It can be justified only if the fluid injection rate and fluid efficiency are approximately constant for the whole treatment (and there is no spurt loss). While these assumptions might be reasonable for a massive hydraulic fracturing treatment, for frac & pack jobs they are unrealistic.
Besides the underlying restrictive assumptions, Eq. 14 brings about a technical difficulty as well. To use the equation, one has to estimate the fluid efficiency during execution of the frac & pack treatment. While model parameters such as leak-off coefficient may be transferable from a minifrac test to the main job, a state variable such as fluid efficiency is not transferable.
Our suggested procedure improves the original technique in two respects. First, the leak-off rate is estimated implicitly, depending on the computed radius.
Only the leakoff coefficient (a system parameter) is used in the computation; efficiency, which is specific to the treatment procedure, is not needed.
Second, the estimation of fracture extent is repeated for all time intervals where restricted extension is likely. From the series of estimated "packing radius" the final areal proppant distribution and the likely scenario of the treatment are reconstructed. Of course, leakoff coefficient should be determined from a method consistent with material balance. 8 The proposed method for evaluating pressure behavior of frac & pack treatments is not based on specific fracture mechanics and/or proppant transport models. Rather, it takes the pressure curve "as it is" and processes it using minimum additional data. Using the usual data records of a job (slurry injection rate, bottomhole proppant concentration and bottomhole pressure) one can estimate fracture extent and the distribution of proppant in the fracture. The only other additional input parameters necessary for the analysis are plane-strain modulus and leak off coefficient.
Success of the procedure depends on the validity of the key assumption that positive slopes observed in the bottomhole pressure curve are caused by restricted fracture extension. If there is no time interval satisfying the criteria of restricted extension or other phenomena involved masks the effect (e.g. pressure transients caused by sharp changes of the injection rate or dramatic changes in friction pressure due to proppant concentration changes) the estimated packing radius might be in considerable error. Nevertheless, the suggested procedure is considered as a first step in the analysis of frac & pack treatment pressure data. ( ) ( )
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